To determine the genetic relationships among domestic dog breeds, we performed both a sequence comparison of mitochondrial DNA (mtDNA) and an amplified fragment length polymorphisms (AFLP) analysis. Three of four regions of mtDNA, cytochrome b, cytochrome oxidase subunit II, and 16S rRNA genes were highly homogeneous among dog breeds, whereas the other region, the control region, showed relatively high polymorphisms with a maximum percentage difference of 3.18%. However, the control region showed extensive polymorphism even within breeds, and the relationship tree derived from the data could not clearly delimit distinct breeds. 19 EcoRI/MseI primer combinations were used to generate AFLP markers among 25 dogs from 11 breeds including three Korean native dogs. These amplification reactions allowed the detection of more than 1900 amplification products of which 408 were identified as polymorphic bands. Unrooted neighbor-joining tree based on dissimilarity values showed that the Korean native dogs were clustered together with the Asian dogs and that the Asian originated dogs were clustered separately from Western originated dogs. A consensus tree using parsimony method also showed Korean native dogs were grouped separately from the other dogs with moderate bootstrap values. Taken together, it is concluded that AFLP analysis is a more informative tool for revealing genetic relationships among dog breeds than mtDNA sequence comparison.
INTRODUCTION
The Dog, Canis familiaris, is one of the oldest domestic animals, originally domesticated in the pre-agricultural age between 14,000 and 12,000 years ago (Turnbell and Reed 1974; Tanabe et al. 1991) . Currently, there are more than 400 dog breeds with various morphological and behavioral traits that are used for various purposes including hunting, guarding, guides for the blind, pets, etc. Although dogs have been a common focus for research concerning their evolution, origin, and variation (Tanabe et al. 1991; Roy et al. 1994; Vila et al. 1997; Tsuda et al. 1997) , the genetic backgrounds and genetic polymorphisms among the various breeds are still not completely understood.
Mitochondrial DNA (mtDNA) has become widely utilized for evolutionary studies due to rapid nucleotide substitution, rare recombination, strict maternal inheritance, conservation of the size, gene content, and gene order. Especially, partial comparisons of mtDNA sequences have been used to investigate the phylogenetic relationships among closely related taxa and populations of the same animal species (Aquadro and Greenberg 1983; Ramharack and Deeley 1987; Ruvulo et al. 1993; Brown et al. 1993; Janczewski et al. 1995) . MtDNA sequence comparisons have also been widely utilized in studies concerning the origin and evolution of domestic dogs and wolves (Wayne and Jenks 1991; Girman et al. 1993; Vila et al. 1997) .
However, there is another opinion regarding the usefulness of mtDNA for dog phylogeny. Some researchers have suggested that mtDNA sequence comparisons are not appropriate for studying phylogenetic relationships between dog breeds (Okumura et al. 1996; Tsuda et al. 1997) , due to extensive polymorphism in the control region. It should be noted, though, that these researchers did not investigate any other regions of mtDNA that have been used effectively in other species. It is also important to understand the genetic relationships among different dog breeds using nuclear DNA, but it is very difficult to find nuclear DNA genes suitable for evolutionary study. Compared to sequence comparison of single copy genes, profiling of the genome by DNA fingerprinting can yield more information. Recently, various systems of markers that are representative of the whole genome have been developed. AFLP-PCR technology is a DNA fingerprinting technique that combines both a classical, hybridization-based fingerprinting method and a PCR-based fingerprinting method (Vos et al. 1995) . The DNA polymorphisms identified by AFLP-PCR are typically inherited in Mendelian fashion and may, therefore, be used for typing, for the identification of molecular markers, for mapping of genetic loci, and for establishing relatedness between DNA samples. AFLP-PCR has been used for the relationship analysis mainly of plants or bacteria, and as a genetic marker for the construction of a genetic map (Janssen et al. 1997; Simons et al. 1997; Van der Lee et al. 1997; Qi and Lindhout 1997) . Recently, AFLP markers have been used successfully for DNA fingerprinting and for studies of genetic relationships in closely related animals (Ajmone-Marsan et al. 1997; Ovilo et al. 2000) .
Resolving the genetic relationships of domestic dog breeds is very difficult, given the varied origins of and substantial gene flow among breeds. In Korea, there are three native dogs: the Jindo dog, the Sapsaree, and the Chejudo dog. Of these, the Jindo dog and the Sapsaree are registered as Korean native breeds, originating from Jindo Island and Kyungpook Provinces, respectively. The Chejudo dog is indigenous to Cheju Island. The three Korean native dogs have not been interbred, and have maintained morphologically distinct traits. Therefore, the use of these dog breeds will highlight the applicability of mtDNA sequence and AFLP analysis for the documentation of genetic relationships between dog breeds.
In this paper, we performed a mtDNA sequence comparison and an AFLP analysis to clarify the genetic relationships among the different dog breeds and compared the results obtained from both analyses. We concluded that AFLP analysis is the more valuable tool for revealing genetic relationships of local dog breeds where the hypervariable region of mtDNA fails.
MATERIALS AND METHODS
Sample collection and description of Korean native dog breeds A total of 25 subjects from eleven dog breeds were analyzed in this study. Subjects utilized in this study comprised 14 Korean native dogs, five Asian (nonKorean) dogs, and six Western dogs. The 14 Korean native dogs included seven Sapsaree (KS1~7), five Jindo dogs (KJ1~5), and two Chejudo dogs (KC1~2). The five Asian dogs included one Akita dog (AA), one Shiba dog (AS), one Tosa inu (AT), one Pekingese (Apk), and one Pug (Apu). The six Western dogs included four Great Danes (WGD1~4), one Collie (WC), and one German Shepherd (WGS).
Fresh blood was taken from subjects from well-defined geographical areas and chosen at random without consideration of the relationship within and between breeds except for the Sapsaree, two of which were bred by the author. The Jindo dog is a short-haired, medium-sized breed, with a body height of 47-55 cm, originating from Jindo Island but now found all over Korea. We took blood samples from pedigreed dogs on Jindo Island. The Sapsaree is a long-haired and medium-sized breed, body height 49-55 cm, originating from Kyungpook Province. Blood samples from the Sapsaree (pedigreed) were taken in Kongsan, Kyungpook Province, from which the Sapsaree has been conserved exempting it from endangered crisis. The Chejudo dog is a short-haired, medium-sized breed, body height 40-46 cm, originating from Cheju Island. We took blood samples from pedigreed Chejudo dogs on Cheju Island. Blood samples from the other dogs, including Western originated dogs were taken from several institutions and veterinary hospitals in Korea.
Genomic DNA preparation, PCR reaction, and sequencing of mtDNA Genomic DNA was extracted from the blood samples collected from the foreleg vein of each dog as described by Maniatis et al. (1982) . Based on the complete nucleotide sequence (GenBank accession no.: U96639) of the domestic dog mtDNA (Kim et al. 1998) , four primer sets were synthesized. The primer sequences for two protein-coding genes, one ribosomal RNA gene, and the control region are as follows: cytochrome b (L14,252 -L14,631) F: ACTCATTCATTGACCTCCCAGCG R: AGT-TCCGATATAAGGGATGGCAGAG; COII (L7,054 -L7,46-5) F: ATGGCGTACCCATTTCAACT R: GGATGGTTATT-TCTATTGG; 16S rRNA (L2,033 -L2,472) F: GCAAAG-GTAGCATAATCAT R: AGGACTTTAATCGTTGAAC; Control region (L15,622 -L16,030) F: CATAGGACATA-TTAACTCAATC R: AAGTCCAGCTACAAGTTATTTG. 20-60 ng of genomic DNA was used for PCR. Thermal cycle amplifications were performed in a 50 µl final volume with 5 µl of a 10 X reaction buffer (10mM Tris-HCl (pH 8.3), 40mM KCl, 1.5mM MgCl 2 , 1mM DTT, 50 µg/ml BSA), dNTPs at 200 mM, primers at 1 µM, and 2 units of Taq DNA polymerase with 50 µl of mineral oil overlaid. The reaction cycle consisted of denaturation for 1 min at 94°C primer annealing for 1 min at 58°C, and an extension for 2 mins at 72°C; the cycle was repeated 35 times. The amplified DNA was electrophoresed in 1.2% agarose gels and extracted from a gel slice using a Gene Clean Kit II (Bio101 Inc.). The purified DNA was then ligated into a pGEM T-vector and transformed into E. coli DH-5α. The mtDNA sequence was determined manually by 6% polyacrylamide gel electrophoresis using the dideoxynucleotide chain termination method (Sanger et al. 1977) Data analysis Calculations of the distance matrix and a cluster analysis were carried out using the PHYLIP software package (Ver.3.5c ; Felsenstein 1993) . The mtDNA sequence data were analyzed using distances corrected by the two-parameter method of Kimura (1980) using the DNADIST program of PHYLIP package. The distance values were used to construct a neighbour-joining (NJ) tree (Saitou and Nei 1987) , and bootstrap resampling (n = 100) was performed to test the robustness of the dendrogram topology. For AFLP analysis, each AFLP band was scored as either present (1) or absent (0) across all genotypes to create a binary matrix. The results were converted into a similarity matrix based on the Jaccard's coefficient (Sj) for qualitative data (Jackson et al. 1989) ;
Where, W is the number of polymorphic DNA fragments common to both individuals, X is the number of fragments present in i and absent in j, and Y is the number of fragments present in j and absent in i. Jaccard's similarity algorithm was used due to the dominant feature of AFLP bands and the fact that this algorithm ignores 0/0 matches that theoretically provide less evidence of relationship (Tosto and Hopp 2000) . Sj was then converted to a dissimilarity (calculated as 1-Sj) to construct a relationship tree between the individual dogs. The data were used to construct a NJ tree using the NEIGHBOR module of the PHYLIP package. A phylogenetic tree using the polymorphism parsimony method was constructed using DOLLOP module and strict consensus tree program with bootstrap resampling (n = 100) of a binary matrix. All trees were graphically represented with Tree-view (Page 1996) .
RESULTS

MtDNA sequence analysis
We determined partial sequences of four regions of dog mtDNA, including cyt b, COII, a 16S rRNA gene of ten subjects and the control region of 25 subjects (Table 1) . From the sequence alignments, we found that the cyt b, COII, and 16S rRNA gene did not show a significant difference among the dog breeds. The 16S rRNA gene showed only two haplotypes with a low percentage difference of less than 0.23%, differing in only one base pair among the dog breeds. In addition, the cyt b and COII gene showed the same sequences in all of the dogs utilized. Although the number of dogs analyzed was small, we speculate that the protein coding genes and rRNA genes of the domestic dog mtDNA are very homogeneous within the dog breeds. However, the mtDNA control region showed a highly polymorphic sequence among dog breeds with a maximum polymorphic value of 3.18%. The results of pairwise alignments of 409 base pairs (bps) of the control region sequenced are shown in Table 2 . In total, 16 haplotypes with 18 nucleotide substitutions were observed. Eighteen transitions and one transversion (position 18) were detected in the polymorphic sites, showing high transition/transversion ratio.
The three Korean native dog breeds had at least nine The partial nucleotide sequences of domestic dog mtDNA reported in this paper are available in the GenBank database under Accession No. AF064567-AF064588. Nucleotide Positions 1 1 1 1 1 1 2 3 3 3 3 4 1 1 2 3 4 0 0 7 9 9 9 9 2 3 3 8 0 6 1 8 2 1 4 1 5 9 0 3 4 1 1 4 8 2 4 Table 2 .
haplotypes, indicating that Korean native dogs originated from a matriarchal lineage of more than nine. The Sapsaree and Jindo dogs had six and five haplotypes respectively, and three of these were common to both. Additionally, seven haplotypes of the 16 were found in two or more breeds. The relationship tree (Figure 1 ) showed no clade specific for any dog breeds including Korean native dogs. In addition, Western originated dogs were formed in all clades, with no discrimination of Asian dogs from Western originated dogs. These results showed that the sequence comparisons of dog mtDNA could not contribute to the documentation of a reliable relationship among dog breeds.
Genetic relationship between dog breeds using AFLP-PCR In order to evaluate the applicability of AFLP markers for the clarification of genetic relationships among dog breeds, a set of 19 pairs of EcoRI and MseI primer combinations was analyzed. As shown in Table  3 , the number of AFLP markers generated by each primer combination was variable, ranging approximately from 60 to 160 bands. From 19 primer combinations, a total of 1991 bands were produced for 25 dogs of 11 breeds investigated in this study. Of these, 408 polymorphic bands were produced with a polymorphic ratio of 20.5%, but no breed specific markers were detected. As expected, a much lower polymorphism level was detected within the same breeds (10.7%). A lower polymorphism level was detected within Asian dogs (14.3%) than within the total sample of dogs analyzed. The 408 polymorphic bands detected were used for the analysis of the genetic relationships between dog breeds. Dissimilarity coefficients were calculated as 1-Sj based on the existence of AFLP bands and the values are shown in Table 4 . The lowest dissimilarity values were detected between individuals of the same breed (with the values ranging from 0.07 to 0.27) as compared with those between individuals from different breeds (ranging from 0.18 to 0.43). It is interesting that the lowest dissimilarity value was obtained within the Sapsaree, a Korean native dog. In fact, some breeders have inbred the dog extensively over the past three decades, reflecting a similar genomic background within the breed.
To understand genetic relationships among dog breeds using AFLP markers, we constructed phylogenetic trees by the neighbor-joining (N-J) and character based parsimony methods. Figure 2 depicts an unrooted radial N-J tree obtained from the pair-wise genetic distances based on the dissimilarity values. Figure 3 is a strict consensus tree from 100 replications of a binary matrix. The N-J tree showed a grouping of breeds on the basis of their locality of domestication. The tree split the entire group of Asian dogs with respect to Western originated dogs. In addition, the three Korean native dogs, the Jindo dog (KJ1~5), the Sapsaree (KS1~7), and the Chejudo dog (KC1~2) were grouped separately from other Asian native dogs. Moreover, the seven Sapsaree were sub-grouped within other Korean native dogs. The four individuals of the Great Dane (WGD), one of the Western originated breeds, showed a close relationship with each other. A consensus tree using the polymorphism parsimony method, in spite of a low bootstrap value, is also similar to the N-J tree with a reasonable relationship on the basis of local breeds. Apart from two Asian native dogs (AS and AA), which formed the basal branch to all other dogs, the tree split the Korean native dogs from other dogs and clustered the Western originated dogs as a single group. Some relationship trees using other methods (such as UPGMA and character-based parsimony methods) showed similar topologies to the above trees. It should be noted that two individuals (KS3 and KS5) of the Sapsaree, which Fig. 2 . Unrooted neighbor-joining tree from Korean, Asian, and Western originated dogs. The tree was constructed using a dissimilarity matrix of 1-Jaccard estimates based on AFLP analysis with 19 primer combinations. Symbols in the figure are the same as those of the breeds given in Table 2 . is brood kinship, clustered with each other with the relatively high bootstrap value (76%) with respect to other clade. Although more survey for relationships within kinship should be performed, it seems that closer kin have a similar genetic relationship with each other.
DISCUSSION
In this study, to explain the genetic relationships among domestic dog breeds, a sequence comparison of mtDNA and an amplified fragment length polymorphisms (AFLP) analysis were compared. The four portions of dog mitochondrial DNA (mtDNA), cyt b, COII, 16S rRNA genes, and the control region were compared among 25 dogs of 11 breeds including three Korean native dogs. Two proteincoding genes and one rRNA gene showed a relatively high similarity among different dogs. Since these genes were very conserved and hardly changed, the dogs could not have had sufficient time to accumulate any nucleotide mutations. In contrast, the control region exhibited a high degree of nucleotide substitutions within dog breeds as well as between dog breeds. The sequence variations (0.00~3.18%) within the domestic dog were similar to those (0.00~3.19%) of Tsuda et al. (1997) , showing similar values irrespective of the breeds studied and localities of domestication. However, no sequences of the control region that were specific for any particular dog breed were identified. Instead, extensive polymorphisms, even within breeds, were found. The relationship tree based on sequence divergences did not show any clade or haplotype specific to a particular dog breed. These findings indicate that although Korean native dog breeds have been maintained with a geographical separation for a long time, they could not be delimited as distinct dog breeds from the sequence comparisons of the hypervariable region of mtDNA.
Recently, from studies of the mtDNA, it has been concluded that dogs have multiple origins and that extensive crossbreeding has occurred since the beginning of domestication (Okumura et al. 1996; Vila et al. 1997; Tsuda et al. 1997; Vila et al. 1999) . Tsuda et al. (1997) proposed that the existing breeds of domestic dogs were developed from an ancestral wolf population and that extensive interbreeding has occurred among the multiple matriarchal origins. Additionally, Okumura et al. (1996) stated that Japanese native dog breeds could not be clearly delimited as distinct dog breeds due to extensive polymorphisms of the mtDNA control region. Taken together, the present results as well as previous studies show that the mtDNA control region of the domestic dog is not suitable for docu-menting the relationships among different dog breeds. In our study, the problem will not be helped by additional sequence information from other mtDNA genes. Even breeds with ancient histories, such as the dingo, had only a few substitutions different from recent dog breeds. It is likely that ancient polymorphisms have been retained in dogs from a wolf ancestor and unique mutations that have occurred since their founding have been widely spread among breeds by interbreeding. Consequently, phylogenetic trees of dog sequences will be reticulated with respect to breeds. Therefore, the relationships between dog breeds should be surveyed in nuclear genomic DNA levels.
In this study, relationship trees based on AFLP markers accorded with the grouping of dog breeds on the basis of the areas where they are currently living, or originated from. In spite of the drawback with low bootstrap support, AFLP markers can be used as a possible tool to understand relationships of local breeds. In fact, the low bootstrapping support value is not surprising considering the complex and recent origin of dogs.
The AFLP analysis showed different aspects of the genetic relationships compared with the molecular analysis of the mtDNA. Discrepancies between the AFLP and the mtDNA analysis can be explained by the difference in the inheritance mode between nuclear-and mtDNA-coded genes. Domestic dogs have been well characterized by various morphological and behavioral traits. These characteristics may be reflected in nuclear genomic DNA, which is transmitted biparentally, rather than mtDNA, which is maternally inherited. Some differences between breeds can be explained in gene recombination or mutation that has occurred in the nuclear genome. Because the closer kinship seems to have a higher genetic similarity, the relationships may be reflected in the nuclear genome. The most common method to improve the genetic status of domesticated animals by breeding is to introduce useful genes from males. Since domestic dogs have been improved in this way, the results may be reflected in the nuclear genome of the male. In contrast, the strictness of the maternal inheritance of mtDNA and the lack of genetic recombination in mtDNA make mtDNA analysis impossible for the explanation of indigenous morphological and behavioral traits in domestic dogs. In addition, nucleotide sequences of a single gene such as specific mtDNA gene may follow an independent evolutionary process compared to those of the nuclear genome.
Recently, several studies concerning the phylogenetic relationship among local dog breeds have been performed in nuclear genomic levels. Tanabe et al. (1991) analyzed 25 blood protein loci in about 3000 specimens of 40 breeds, which included Japanese, Korean, other Asian, and European dog breeds. The authors suggested that most extant Japanese native dogs had been affected by two major genetic components and hypothesized influxes from two distinct routes in ancient times. Additionally, Jeong et al. (1997) reported that RAPD analysis might be a valuable tool for the genetic relationship analysis of dog breeds. Frequency differences in nuclear markers using microsatellites have been successfully utilized in the population genetics of Canidae family (Roy et al. 1994; Zajc et al. 1997; Kim et al. in press ). Accordingly, a study based on the nuclear genome may be the best choice for resolving relationships of dog breeds with indigenous morphological and behavioral traits.
